Exposure of MCF-7 breast tumor cells or HCT-116 colon carcinoma cells to clinically relevant concentrations of doxorubicin (Adriamycin; Farmitalia Research Laboratories, Milan, Italy) or camptothecin results in both autophagy and senescence. To determine whether autophagy is required for chemotherapyinduced senescence, reactive oxygen generation induced by Adriamycin was suppressed by N-acetyl cysteine and glutathione, and the induction of ataxia telangiectasia mutated, p53, and p21 was modulated pharmacologically and/or genetically. In all cases, autophagy and senescence were collaterally suppressed. The close association between autophagy and senescence indicated by these experiments reflects their collateral regulation via common signaling pathways. The potential relationship between autophagy and senescence was further examined through pharmacologic inhibition of autophagy with chloroquine and 3-methyl-adenine and genetic ablation of the autophagy-related genes ATG5 and ATG7. However, inhibition of autophagy by pharmacological and genetic approaches could not entirely abrogate the senescence response, which was only reduced and/or delayed. Taken together, our findings suggest that autophagy and senescence tend to occur in parallel, and furthermore that autophagy accelerates the development of the senescent phenotype. However, these responses are not inexorably linked or interdependent, as senescence can occur when autophagy is abrogated.
Introduction
Cellular senescence is defined as a biological state in which cells have lost the ability to divide, but remain metabolically active for a prolonged period of time (Evan and d'Adda di Fagagna, 2009 ). Three general types of senescence have been identified: replicative senescence, oncogene-induced senescence, and premature (accelerated or stress-induced) senescence (Gewirtz et al., 2008) . Replicative senescence describes a proliferative arrest that is caused by telomere shortening after a genetically predetermined number of cell divisions in nontransformed cells (Shay and Roninson, 2004) . Oncogeneinduced senescence reflects the capacity of the cells to undergo senescence in the presence of the expression of oncogenes such as Ras, ostensibly in an effort to delay transformation (Lee et al., 1999) . Premature, accelerated, or stress-induced senescence occurs through exposure of the cells to exogenous cytotoxic agents generally associated with DNA damage (Campisi and d'Adda di Fagagna, 2007; Gewirtz et al., 2008) .
Autophagy is a catabolic process involving the degradation of a cell's own components through the lysosomal machinery (Glick et al., 2010) . Autophagy can be either a cytoprotective or cytotoxic response to chemotherapy or radiation . Although apoptosis and autophagy are highly regulated processes that may cross-talk to determine the ultimate cell fate (Thorburn, 2008) , a relatively limited number of reports in the literature have suggested the potential existence of a direct relationship between autophagy and senescence. An increase of autophagic vacuoles and senescence-associated ␤-galactosidase (SA-␤-gal) activity was observed in aging fibroblasts (Gerland et al., 2003) . Markers of autophagy and senescence were collaterally observed in the bile duct cells of patients with primary biliary cirrhosis as well as in biliary epithelial cells isolated from mice and treated with either hydrogen peroxide or etoposide (Sasaki et al., 2010) . Gosselin et al. (2009) reported the generation of autophagic vesicles in dying senescent keratinocytes, and Patschan et al. (2008) have observed autophagy markers in senescent endothelial cells. In addition, Lu et al. (2008) reported that the Ras homolog ARHI (aplasia Ras homolog member I) promoted autophagic cell death in ovarian cancer cells in culture and contributed to tumor dormancy in vivo, although there were no direct assessments of senescence.
Of perhaps the most direct relevance to the current work, Young et al. (2009) reported the up-regulation of autophagyrelated genes during oncogene-induced senescence and that inhibition of autophagy delayed the senescence phenotype. Because autophagy is often considered to be a cytoprotective response to stress, whereas stress-induced senescence could also reflect efforts by the cell to evade direct cell killing (Kroemer and Levine, 2008; Gewirtz, 2009) , the current studies using both breast tumor and colon cancer cells were designed to determine the potential relationship between the autophagy and senescence responses of tumor cells exposed to the antitumor drugs doxorubicin [Adriamycin (ADR); Farmitalia Research Laboratories, Milan, Italy] and camptothecin (CPT). More specifically, this work addressed the question of whether senescence was dependent on prior autophagy.
Materials and Methods
Cell Culture and Treatment. MCF-7 cells were purchased from the American Type Culture Collection (Manassas, VA) and cultured in RPMI 1640 supplemented with 5% (v/v) fetal bovine serum (Gemini, Irvine, CA), 5% (v/v) bovine calf serum (Lonza Walkersville, Inc.,Walkersville, MD), 100 U/ml penicillin G sodium, and 100 g/ml streptomycin sulfate (Invitrogen, Carlsbad, CA). HCT-116 cells were purchased from the American Type Culture Collection and cultured in RPMI 1640 supplemented with 10% fetal bovine serum and L-glutamine (0.292 mg/ml), 100 U/ml penicillin G sodium (Invitrogen), and 100 g/ml streptomycin sulfate (Invitrogen). All cells were maintained at less than 80% confluence at 37°C under a humidified 5% CO 2 atmosphere. Twenty-four hours after plating, cells were exposed to 1 M ADR or 5 M camptothecin for 2 h, rinsed twice with phosphate-buffered saline (PBS), and maintained in complete medium for the indicated time points. In certain experiments, ADR treatment was preceded with 5 M chloroquine (CQ; Sigma-Aldrich, St. Louis, MO), 5 mM 3-methyl-adenine (3-MA) (Sigma-Aldrich), 20 M 2-morpholin-4-yl-6-thianthren-1-yl-pyran-4-one (KU-55933) (Calbiochem, San Diego, CA), or 4 mM caffeine (Sigma-Aldrich).
Western Immunoblotting. After the indicated treatments, cells were washed with PBS and lysed with mammalian protein extraction reagent (Thermo Fisher Scientific, Waltham, MA) containing protease and phosphatase inhibitors. Protein concentrations were determined by the Bradford assay (Bio-Rad Laboratories, Hercules, CA). Total protein lysates (10 g) were then diluted in SDS sample buffer and dry-boiled for 10 min. Protein samples were subjected to SDS-polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride membrane, and blocked in 5% milk/1ϫ PBS/0.1% Tween for 1 h. The membrane was incubated with anti-p62 (1:1000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), anti-p21 (1:1000; BD Biosciences, San Jose, CA), anti-pRb (1:1000; BD Pharmingen, San Diego, CA), anti-p53 (1:1000; BD Pharmingen), anti-Atg5 and anti-Atg7 (1:1000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA), and anti-␤-actin (1:1000; Sigma-Aldrich). The membrane was then incubated with a secondary antibody of horseradish peroxidase-conjugated goat anti-rabbit IgG antibody (1:5000; Sigma-Aldrich) or goat anti-mouse (1:5000; Sigma-Aldrich) for 1 h, followed by extensive washing with PBS-Tween. Immunoblots were developed by using Pierce enhanced chemiluminescence reagents and Bio-Max film (Thermo Fisher Scientific).
Detection and Quantification of Acidic Vesicular Organelles by Staining with Acridine Orange. For quantification of AVOs, treated cells were trypsinized, harvested, and washed with PBS at approximately 1 ϫ 10 6 cells/ml. Pellets were resuspended in PBS and stained with a final concentration of 1:10,000 acridine orange (Sigma-Aldrich). Samples were incubated for 15 min before analysis by flow cytometry. Flow cytometry was performed by using BD FACS Canto II using BD FACS Diva software (BD Biosciences) at the Virginia Commonwealth University Flow Cytometry Core Facility. A minimum of 10,000 cells within the gated region was analyzed. For detection of AVOs using fluorescent microscopy, treated cells were stained with acridine orange at a final dilution of 1:10,000 and allowed to incubate at 37°C for 15 min. After extensive washing with PBS, cells were examined and imaged under a fluorescence microscope (Olympus, Tokyo, Japan). All images within a given figure were taken at the same magnification.
Transmission Electron Microscopy. Transmission electron microscopy services including sample fixation, embedding, ultramicrotomy, and staining were provided by the Virginia Commonwealth University Department of Anatomy and Neurobiology Microscopy Facility. Sections were imaged by using a JEOL (Tokyo, Japan) JEM-1230 transmission electron microscope equipped with a Gatan (Pleasanton, CA) UltraScan4000SP 4 K X 4 K charge-coupled device camera. The magnification of each image is indicated by the scale bar at the bottom of the micrographs in the figures.
Detection and Quantification of Senescent Cells. For detection of SA-␤-gal-positive cells, treated cells were washed with PBS and fixed with 2% formaldehyde/0.2% glutaraldehyde/PBS for 5 min. Cells were washed and stained with 5-bromo-4-chloro-3-inolyl-␤-Dgalactoside in dimethylformamide (20 mg/ml), 40 mM citric acid/ sodium phosphate, pH 6.0, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150m M NaCl, and 2 mM MgCl 2 and incubated at 37°C for 24 h. After incubation, cells were washed with PBS and imaged by using an Olympus inverted microscope. All images within a given figure were taken at the same magnification. For quantification of SA-␤-gal, cells were treated as described above and analyzed by using the fluorescent ␤-galactosidase activity marker C 12 FDG. The protocol was adapted from Debacq-Chainiaux et al. (2009) . In brief, plated cells were pretreated with 100 nM bafilomycin A1 for 1 h in culture medium at 37°C, 5% CO 2 followed by treatment with C 12 FDG at a final concentration of 10 M for 1 h. Cells were washed with 1ϫ PBS and harvested by trypsinization followed by centrifugation. Cells were resuspended in PBS at a concentration of 1 ϫ 10 6 cells/ml and analyzed on BD FACS Canto II. Cell populations were gated on a two-parameter display of forward scatter versus side scatter. From the gated population, at least 10,000 cell events were depicted on a histogram where the y-axis indicated cell count and the x-axis indicated C 12 -fluorescin fluorescence intensity. ␤-Galactosidase activity was estimated by using the mean fluorescent intensity of the population.
RFP-LC3 Redistribution. The MCF-7 cell line stably expressing RFP-LC3 was a generous gift from Dr. Keith Miskimins (University of South Dakota, Vermillion, SD). Cells were treated as described above, fixed in 3% paraformaldehyde, and visualized by using an Olympus inverted fluorescent microscope.
Monodansylcadaverine Staining for the Detection of Acidic Vesicular Organelles. Treated cells were incubated with complete medium containing 1 g/ml monodansylcadaverine for 15 min at 37°C. After incubation, cells were washed with PBS, fresh medium was added, and fluorescent micrographs were taken by using an Olympus inverted fluorescence microscope. All images within a given figure were taken at the same magnification.
DCF Staining for Detection of Reactive Oxygen Species. Intracellular ROS production was determined by flow cytometry using DCF-diacetate as the fluorescent probe. Cells (1 ϫ 10 6 ) were treated appropriately and incubated with the probe for 30 min at 37°C. Subsequently, cells were washed, resuspended in PBS, and analyzed for mean fluorescence intensity by using BD FACS Canto II at the Virginia Commonwealth University Flow Cytometry Core Facility. The median fluorescence intensity was quantified by FACS Diva software and the recorded histograms.
Immunofluorescence Microscopy. Cells were seeded on chambered slides (Lab-Tek; Nalge Nunc International, Rochester, NY), fixed with 3% paraformaldehyde for 10 min, and permeabilized with 0.1% Triton X-100 for 5 min. Slides were blocked with 1% bovine serum albumin/PBS for 1 h at room temperature, and incubated overnight at 4°C with the following primary antibodies: mouse monoclonal ␥-H2AX (1:1000; Millipore Corporation, Billerica, MA) and mouse monoclonal 53BP1 (1:100; Novus Biologicals, Inc., Littleton, CO). After extensive washing with PBS, secondary antibodies labeled with Alexa 488 (1:500; Invitrogen) or Alexa 555 (1:500; Invitrogen) were added, and slides were incubated for 1 h at room temperature. Slides were mounted with mounting media, and images were acquired at room temperature with an Olympus inverted fluorescence microscope.
Statistical Analysis. Statistical differences were determined by using StatView statistical software (SAS Institute, Cary, NC). The data were expressed as the means Ϯ S.D. (as S.D. of the mean). Comparisons were made by using a one-way analysis of variance followed by Tukey-Kramer post hoc test, and p values Յ0.05 were taken as statistically significant.
Results
Autophagy and Senescence Are Collaterally Induced in MCF-7 Breast Cancer Cells by Adriamycin. Our previous studies as well as others have established the capacity of Adriamycin to promote premature or accelerated senescence in tumor cells (Chang et al., 1999; Elmore et al., 2002; Di et al., 2009; Gewirtz, 2009 ), whereas a number of studies have indicated that ADR also promotes autophagy Qian and Yang, 2009 ). We have postulated that both autophagy and senescence may represent efforts by the tumor cell to evade drug or radiation-induced toxicity (Gewirtz, 2009) , and it is well established that different modes of cell death may coexist in the same cancer cell population in response to genotoxic stress Jinno-Oue et al., 2010) . Furthermore, a number of studies have suggested that autophagy and senescence could be closely related events in aging cells as well as in response to various modes of stress (Gerland et al., 2003; Gosselin et al., 2009; Young et al., 2009) . Consequently, we assessed whether senescence and autophagy were coincident responses in MCF-7 breast cancer cells when exposed to pharmacological concentrations of the topoisomerase II poison Adriamycin. Figure 1 indicates that ADR induces both senescent and autophagic responses in a time-dependent manner. Specifically, Fig. 1A indicates a time-dependent increase in ␤-galactosidase staining and senescence-associated cell morphology alterations. Figure 1B demonstrates that ADR significantly increased the population of senescent cells over 72 h (from 2.8 to 61.4%) based on FACS analysis. ADR treatment also induced acidic vesicular organelle formation in MCF-7 cells as assayed by acridine orange staining (AOS) (Fig. 1C) . AOS quantification by FACS analysis demonstrated that ADR increased autophagic vesicle content (from 2.4 to 53.2%) over the 72-h period subsequent to drug exposure in close parallel with the promotion of senescence (Fig. 1D ). Consistent with these observations, ADR triggered the formation of autophagosomes/autolysosomes as visualized by RFP-LC3 punctate formation in MCF-7 cells that stably express the fusion protein as well as by electron microscopy (Fig. 1E ). These initial observations suggested that autophagy and senescence might be collaterally induced responses upon exposure to Adriamycin.
Because an increase in autophagic vesicle formation can indicate either promotion of autophagy or interference with vesicle degradation, autophagic flux was assessed based on the degradation of p62 (Mizushima et al., 2010) . p62 (SQSTM1) is an oligomerizing signaling adaptor protein that binds to ubiquitin and LC3-II (Pankiv et al., 2007) . One important function of p62 in regard to autophagy is its ability to shuttle ubiquinated proteins to the proteasome and autophagosomes (Seibenhener et al., 2004) ; hence, its status is an indicator of autophagic flux. As shown in Fig. 1F , immunoblotting analyses revealed the degradation of p62 to be maximal between 48 and 72 h after ADR treatment. In addition, we examined the capacity of ADR to induce p21 and promote dephosphorylation of Rb, two well accepted biochemical markers of senescence (Kuilman et al., 2010) . p21 interferes with cell cycle progression by inhibiting cyclin-dependent kinases, whereas the dephosphorylation of Rb occurs when the cyclin-dependent kinases are inhibited (Roninson, 2002) . Figure 1F demonstrates a time-dependent increase in p21 and a decline in pRb levels when MCF-7 cells are exposed by ADR. These results indicate that both autophagy and senescence are collaterally induced by ADR in MCF-7 breast cancer cells.
Suppression of Free-Radical Generation Interferes with ADR-Induced Senescence and Autophagy. We have reported previously that ADR-induced senescence is associated with the generation of ROS . To further investigate the potential autophagy-senescence relationship, we assessed the impact of the free-radical scavengers glutathione (GSH) or N-acetyl cysteine (NAC) on ADRinduced senescence and autophagy. As shown in Supplemental Fig. 1A , a time-dependent increase of ROS was observed in MCF-7 cells exposed to ADR, based on the intensity of DCF fluorescence followed by FACS analysis. A peak level of ROS was evident at 96 h after ADR treatment. Repression of ROS generation by GSH or NAC before ADR exposure was observed by fluorescent microscopy (Supplemental Fig. 1B) .
Although there are no clear-cut direct pharmacologic inhibitors of senescence, we have shown previously that NAC and GSH suppressed ADR-induced senescence in MCF-7 cells . Moreover, NAC has also been reported to attenuate cellular senescence induced in fibroblasts by the alkylating agent busulfan (Probin et al., 2007) . Thus, we hypothesized that GSH or NAC could be used to probe the putative association between ADR-induced senescence and autophagy. Figure 2A , left shows that both GSH and NAC significantly blocked ADR-induced senescence as assayed by ␤-galactosidase staining. Specifically, both NAC and GSH inhibited ADR-induced senescence by between 50 and 60% over the course of 5 days ( Fig. 2A, right) as quantified by C 12 FDG-fluorescin fluorescence. These results were also reproduced in HCT-116 colon cancer cells (Supplemental Fig.  1C) . Consistent with the effect on the senescence response to ADR, GSH and NAC blocked ADR-induced up-regulation of p53 and p21, and down-regulation of pRb, all of which are associated with stress-induced senescence in MCF-7 cells (Fig. 2B) .
To further address the putative relationship between chemotherapy-induced autophagy and senescence, the effects of GSH and NAC on ADR-induced autophagy were evaluated by acridine orange staining using fluorescence microscopy and FACS analysis. A marked reduction in AOS formation in MCF-7 cells (Fig. 2C ) by GSH and NAC was reproduced in HCT-116 colon cancer cells (Supplemental Fig. 1D ). Time course studies by FACS analysis revealed that the addition of NAC or GSH significantly decreased AVO formation induced by ADR (by 49.5 and 56.08%, respectively) over the course of 5 days (Fig. 2C, bottom) . In additional studies, the autophagic flux (reduction in p62 levels) induced by ADR was partially inhibited by pretreatment with either GSH or NAC (Fig. 2D) . To further confirm the collateral inhibition of ADR-induced autophagy and senescence by free-radical scavengers, we used MCF-7 cells stably transfected with RFP-LC3. Figure 2E demonstrates that pretreatment with GSH or NAC before ADR effectively abrogated ADR-induced autophagy based on the pronounced reduction of autophagic puncta formation in the cytoplasm. Taking these findings together, we observed collateral modulation of ADR-induced autophagy and senescence when ROS generation was inhibited.
Influence of the DNA Damaging Signaling Pathway on ADR-Induced Autophagy and Senescence. Adriamycin is a topoisomerase II inhibitor that induces DNA doublestrand breaks, with consequent activation of the DNA damage signaling pathway (Kurz et al., 2004) . ATM, one of the early sensors of DNA damage, has been implicated in the regulation of both autophagy (Alexander et al., 2010) and senescence (Crescenzi et al., 2008) . Specifically, it has been reported that ATM knockout prevents the induction of autophagy in response to ROS (Alexander et al.,2010) . With regard to senescence, silencing of ATM caused senescent tumor cells to re-enter the cell cycle (Crescenzi et al., 2008) .
A number of downstream target substrates are phosphorylated by ATM, including histone ␥-H2AX, 53BP1, and p53 (Banin et al., 1998; Burma et al., 2001; Lee et al., 2009) . To further investigate the potential relationship between autophagy and senescence in response to ADR, we first confirmed that ADR induces ATM and its downstream effectors in MCF-7 cells. Supplemental Fig. 2A demonstrates foci formation for p-ATM, ␥-H2AX, and 53BP1 in response to ADR in MCF-7 cells, which confirms activation of the DNA damage signaling pathway. To determine whether suppression of ATM might collaterally suppress autophagy and senescence in response to ADR, caffeine and KU-55933 were used to inhibit ATM activity. Caffeine is a well established inhibitor of the activity of both ATM and ATR kinases (Wang et al., 2008) , whereas KU-55933 is a highly specific ATM inhibitor (Hickson et al., 2004) . Supplemental Fig. 2B demonstrates a marked reduction in p-ATM foci when MCF-7 cells were treated with either KU-55933 or caffeine in combination with ADR, confirming that these agents are indeed suppressing the functions of ATM. Figure 3A , top demonstrates the capacity of both caffeine and KU-55933 to inhibit ADR-induced senescence, as indicated by the decreased ␤-galactosidase staining, and effects on the cell size and flattened phenotype of the senescent cells. Quantification of the extent of inhibition of senescence induction by Adriamycin by both KU-55933 and caffeine is presented in Fig. 3A , bottom. Although ADR produced a significant increase in senescent cells, the senescent cell population was decreased from 78 to 31 and 20%, respectively in cells that were also treated with either KU-55933 or caffeine. Furthermore, the induction of both p21 and p53 by ADR was also attenuated with the combination treatments as seen in Fig. 3B . These results are in agreement with the studies by Crescenzi et al. (2008) and findings by Zhan et al. (2010) , which link ATM activation to senescence.
To examine whether senescence and autophagy are altered in parallel after ATM inhibition, we again used acridine orange staining. Figure 3C demonstrates that both caffeine and KU-55933 significantly inhibit ADR-induced autophagy as shown by acridine orange staining. Quantification of AVO formation by FACS analysis (Fig. 3D ) confirmed these findings. MCF-7 cells treated with ADR demonstrated a significant increase in red fluorescence, whereas when exposure to ADR was preceded by treatment with either KU-55933 or caffeine the intensity of red fluorescence was reduced from 50.95 to 7.28 and 18.32%, respectively (Fig. 3D ). In addition, as shown in Fig. 3E , the reduction in p62 levels induced by ADR was antagonized by both caffeine and KU-55933, consistent with the premise that interference with the DNA damage pathway can collaterally suppress both autophagy and senescence. These results further establish that both autophagy and senescence are downstream responses mediated via the DNA damage signaling pathway.
To further confirm the association between the DNA damage signaling pathway and both senescence and autophagy, shRNA was used to down-regulate ATM in MCF-7 cells. In contrast to shRNA scramble cells, depletion of ATM caused a jpet.aspetjournals.org significant decrease in senescence as assayed by ␤-galactosidase staining (Fig. 3F ) and correspondingly blocked autophagy in response to ADR as quantified by FACS analysis of acridine orange-stained cells (Fig. 3G) . Thus, the fact that suppression of senescence by ATM depletion collaterally blocked autophagy and senescence further supports the premise that the two may be linked pathways. Attenuation of Adriamycin-Induced Autophagy by p21 shRNA. Induction of p21 is a well established response to ADR (Ravizza et al., 2004) . Our previous studies showed a robust accumulation of p21 after ADR treatment in association with senescence in both p53 wild-type MCF-7 cells and breast tumor cells lacking functional p53 (Elmore et al., 2002) . Downstream of ATM the induction of p21 is generally considered to be a critical component of the senescence response pathway (Macip et al., 2002; Roninson et al., 2003) . Furthermore, up-regulation of p21 has been reported to result in ROS accumulation and a senescence response in both normal and tumor cells (Macip et al., 2002) . To determine susceptibility to autophagy in cells lacking p21, a MCF-7 cell line stably expressing p21 (shp21) was generated. p21 expression was markedly reduced (by approximately 70%) in the shp21 cells (Fig. 4A) and, as expected, ADR failed to induce p21 (Fig. 4A) . As would be expected in cells where p21 induction is attenuated, the extent of senescence induced by ADR was markedly reduced in the shp21 cells (Fig. 4B) .
Quantification by FACS analysis indicated a more than 50% reduction of senescent cells in MCF-7 shp21 cells in comparison with senescence in the shControl cells (Fig. 4B, right) . Furthermore, the morphology of the ADR-treated shp21 MCF-7 cells appeared to be different from that of the wildtype MCF-7 cells in terms of reduced flattening and extensions and the absence of cell enlargement (Fig. 4B, left) . These findings, indicating that a blockade to p21 induction suppresses senescence, were confirmed in HCT-116 cells as shown in Supplemental Fig. 3A .
With regard to autophagy, shp21 MCF-7 cells demonstrated a significant decrease in autophagy as indicated by the reduced acridine orange staining shown in Fig. 4C, top. In addition, FACS analysis demonstrated an approximately 50% decrease in the extent of autophagy in the shp21 MCF-7 cells in comparison with shControl cells (Fig. 4C, bottom) . Similar results were generated in the p21(Ϫ/Ϫ) HCT-116 colon cancer cells (Supplemental Fig. 3B ).
In addition to p21, p53 is a central element in promoting the senescent phenotype (Gewirtz et al., 2008) . Our previous studies have demonstrated that in either breast cancer cells where p53 is inactivated by the E6 protein or in which p53 is mutated ADR-induced senescence was essentially abrogated in the bulk of the tumor population in favor of apoptotic cell death (Elmore et al., 2002) . Furthermore, as demonstrated above, induction of p21 downstream of p53 is a fun- damental requirement for ADR to induce senescence. We therefore evaluated whether interference with senescence by knockdown of p53 affects ADR-induced autophagy. Supplemental Fig. 3C , top confirms that, as would be expected, silencing of p53 significantly blocked senescence in response to ADR in MCF-7/E6 cells. Moreover, MCF-7/E6 cells demonstrated a dramatically attenuated ADR-induced autophagy (Supplemental Fig. 3C, bottom) . These observations were confirmed by experiments in the p53 knockout or p21 knockout HCT-116 colon cancer cells (Supplemental Fig. 3, A  and B) , where collateral attenuation of ADR-induced senescence and autophagy was evident. Influence of Autophagic Inhibitors on AdriamycinInduced Senescence. The studies presented to this point suggested the existence of a close relationship between autophagy and senescence; this is likely to be the consequence of the association of autophagy and senescence with common signaling pathways that involve reactive oxygen generation, ATM phosphorylation, and the induction of p53 and p21. To further interrogate the possible linkage between autophagy and senescence, we evaluated whether suppression of autophagy using both pharmacological and genetic inhibition would interfere with ADR-induced senescence. Figure 5A demonstrates the impact of inhibition of autophagy by 3-MA, a phosphatidylinositol 3-kinase/Akt inhibitor or CQ, a latestage autophagic inhibitor that blocks the fusion of autophagosomes and lysosomes (Petiot et al., 2000; Carew et al., 2010) . The addition of either CQ or 3-MA reduced the extent of AVO accumulation in the cytoplasm of MCF-7 cells exposed to ADR (Fig. 5A) . Figure 5A , bottom presents FACS analysis indicating that ADR treatment increased the intensity of red fluorescence from 5.1 to 52%, whereas the addition of either 3-MA or CQ decreased the intensity of red fluorescence to approximately 9 and 16% in ADR-treated cells, respectively. Finally, we assessed the combination effects of 3-MA and CQ with ADR on p62 expression levels. ADR treatment alone significantly reduced p62 levels (Fig. 5B) , as in Fig. 3E . However, both 3-MA and chloroquine attenuated the capacity of ADR to promote autophagy flux (suppression of p62). These experimental strategies resulted in transient effects on senescence, with attenuation of ␤-galactosidase staining at day 3, but where the extent of senescence was essentially equivalent to that in the cells exposed to ADR alone by day 5 (Fig. 5C ). Immunoblotting analyses showed that both 3-MA and CQ treatment produced a reduction in p53 and p21 levels 72 h after ADR treatment (Fig. 5D) , which could account, in part, for the delayed senescence response.
In addition, because inhibition of drug or radiation-induced autophagy often has been shown to sensitize tumor cells through the promotion of apoptosis (Amaravardi et al., 2007; Xi et al., 2011; Notte et al., 2011) , we examined the impact of these experimental strategies on apoptosis, to eliminate the trivial explanation that the basis for the collateral suppression of autophagy and senescence was that the cells were simply dying. However, minimal apoptosis or cell death occurred with ADR treatment in combination with the autophagy inhibitors CQ or 3-MA (data not shown).
Silencing of ATG5 or ATG7 Delayed but Failed to Block Senescence. The studies presented in Fig. 5 suggest that interfering with autophagy may delay senescence but that senescence can occur independently of autophagy. Because of the likelihood of off-target effects of the pharmacological inhibitor, we next silenced the essential autophagic protein ATG5 in MCF-7 cells by using shRNA. Stable downregulation of shATG5 in MCF-7 cells resulted in an approximately 70% knockdown of ATG5; furthermore, ADR treatment was incapable of inducing ATG5 (Fig. 6A) . As would be expected, a significant reduction of punctated acridine orange staining was observed in ATG5 knockdown cells exposed to ADR (Fig. 6B ). This was accompanied by decreased senescence staining in MCF-7 shATG5 cells on days 3 and 5 after ADR treatment (Fig. 6C) . Quantification of senescence by FACS analysis in Fig. 6C , bottom confirmed the visual observations presented in Fig. 6C , top. However, as with pharmacological inhibition of autophagy, senescence was delayed but not abrogated (comparing the extent of senescence at day 5 in the shATG5 cells with that on day 3 in the shControl cells) despite the fact that autophagy remained essentially suppressed (compare Fig. 6C , bottom with Fig.  6B, bottom) .
To further corroborate the above results, we used the MCF-7 shATG7 cells as an alternative knockdown model (Fig. 7A) . Figure 7B , top shows a significant reduction of orange red puncta formation in the cytoplasm of ATG7-silenced cells, which was confirmed by FACS analysis (Fig. 7B,  bottom) . Figure 7C confirms that silencing of ATG7 interfered with the capacity of ADR to induce depletion of p62. However, as with the studies using ATG5 knockdown cells, inhibition of ATG7 activity delayed but did not abrogate ADR-induced senescence (Fig. 7D) . That is, by day 5, the extent of senescence in the shATG7 cells was similar to that in the shControl cells at day 3 (Fig. 7D, top) and FACS analysis (Fig. 7D, bottom) .
Suppression of Autophagy Delayed Senescence in CPT-Treated MCF-7 Cells. To further confirm the conclusion that suppression of autophagy only delays but does not abrogate senescence, we used the DNA topoisomerase I poison CPT. Both the promotion of senescence based on ␤-galactosidase staining and FACS analysis (Fig. 8, A and B) and the induction of autophagy (Fig. 8, C and D) increased in parallel in a time-dependent fashion. Treatment of MCF-7/ shATG5 cells with CPT did not significantly induce autophagy (Fig. 8E ) but only delayed senescence (Fig. 8F) , whereas senescence at day 5 was only slightly below that observed in the corresponding shControl cells. These results indicate, that although autophagy can contribute to the establishment of senescence, autophagy is not an absolute requirement because the senescence response is only delayed. The data in Fig. 8G confirm that silencing of ATG5 interferes with the capacity of camptothecin to promote autophagic flux based on p62 degradation (comparing the shATG5 and shControl cells).
The delay but not abrogation of senescence in MCF-7 cells in which autophagy was suppressed was confirmed in additional studies using camptothecin with pharmacological inhibitors in MCF-7 cells. Supplemental Fig. 4A shows that camptothecin induced an autophagic response characterized by increased red punctate staining in MCF-7 RFP-LC3 cells. A delayed senescence response was observed when autophagy induced by camptothecin was blocked by CQ or bafilomycin A1 (Supplemental Fig. 4B ).
Discussion
We and others have demonstrated that treatment of tumor cells with Adriamycin preferentially induces senescence rather than apoptotic cell death (Chang et al., 1999; Elmore et al., 2002; Su et al., 2009 ). In addition, previous studies in thyroid cancer and hepatoma cells have demonstrated that Adriamycin can induce autophagy (Lin et al., 2009; Qian and Yang, 2009) . Although senescence and autophagy are generally considered to be two distinct cellular events in response to genotoxic stress, there has been accumulating evidence that the two are functionally intertwined (Gerland et al., 2003; Patschan et al., 2008; Gosselin et al., 2009; Jinno-Oue at al., 2010) . Specifically, Young et al. (2009) reported that autophagy was considered an effector mechanism of senescence and contributed to the establishment of oncogene-induced senescence in both cultured cells and in vivo. Moreover, Sasaki et al. (2010) demonstrated that autophagy mediates the process of cellular senescence characterizing bile duct damages in primary biliary cirrhosis. Our studies were designed to determine whether autophagy and senescence were collaterally influenced and interdependent responses to chemotherapy.
One incentive for examining the premise of a linkage between autophagy and senescence was our findings linking Adriamycin-induced senescence with reactive oxygen generation ). Our studies found that both GSH and NAC markedly suppressed the senescence response to Adriamycin in both p53 wild-type and p53-deficient cells ). These observations are consistent with studies in the literature indicating that a rise in ROS level accelerates the onset of the senescence phenotype (Kurz et al., 2004; ; that is, ROS may function as messenger molecules activating specific redox-dependent targets that induce senescence (Colavitti and Finkel, 2005) . Our current work demonstrates that Adriamycin induced a time-dependent increase of ROS, which is highly consistent with previous similar findings (Song et al., 2005) . Furthermore, the antioxidants NAC and GSH prevented ADR-induced up-regulation of p53 and p21 and down-regulation of Rb, all of which are associated with senescence. However, we cannot fully rule out the possibility that these agents provide protection against additional modes of drug action. Kurz et al. (2004) demonstrated that NAC could attenuate ADR-induced phosphorylation and activation of ␥-H2AX, Chk1, and Chk2 in breast cancer cells, all of which were mediators of DNA damage response pathway, suggesting actions of this compound that were perhaps not directly related to the suppression of ROS generation.
With regard to autophagy, it has been shown that autophagy is often mediated by ROS and many stresses that induce ROS generation also induce autophagy (Azad et al., 2009; Karna et al., 2010) . Camptothecin has also been reported to significantly induce ROS generation in MCF-7 cells (Somasundaram et al., 2002; Akbas et al., 2005) . More re- jpet.aspetjournals.org cently, Luo et al. (2011) found that autophagy regulates ROS-induced cellular senescence via p21 in a p38 mitogenactivated protein kinase ␣-dependent manner. Specifically, Luo et al. demonstrated that ATG5 small interfering RNA inhibited not only autophagy but also senescence induced by H 2 O 2 primarily by blocking the up-regulation of the expression of p21. In the current work, the antioxidants GSH and NAC significantly inhibited ADR-induced senescence and autophagy. In addition, we found that GSH and NAC suppressed the Adriamycin-induced increase in p53 and p21.
These observations suggest that ROS may play a central role in mediating both ADR-induced senescence and autophagy responses. However, ROS could collaterally influence both senescence and autophagy through the DNA damage response pathway, and therefore these experiments do not prove that senescence and autophagy are necessarily linked pathways. It has been suggested that senescence is essentially a DNA damage response (d'Adda di Fagagna 2008), which would be consistent with data implicating ATM, p53, p21, and Rb in mediating senescence (Gewirtz et al., 2008) . As an upstream regulator of p53 and primary mediator of the DNA damage response pathway, ATM has been closely associated with the senescence response (Mallette et al., 2007; Crescenzi et al., 2008; Zhan et al., 2010) . Silencing of ATM effectively resulted in evasion of senescence in response to constitutive activation of certain mitogenic genes in human fibroblasts (Mallette et al., 2007) . Abolition of ATM or other DNA damage pathwayrelated genes abrogated oncogene-induced senescence in normal fibroblasts (Di Micco et al., 2006) . A similar study by Zhan et al. (2010) showed that blocking ATM activity prevented hydrogen peroxide induced senescence in vascular endothelial cells (Zhan et al., 2010) . Here, we show that pharmacological inhibitors of ATM or shATM efficiently inhibit ADR-induced senescence. Studies have also suggested a possible linkage between ATM and autophagy. For example, Bandhakavi et al. (2010) found that the inhibition of mammalian target of rapamycin (which otherwise blocks autophagy) also leads to the upregulation of ATM phosphorylation and substrates (Band- , 2010) . Here, we found that inhibition of ATM by means of pharmacological inhibitors or shRNA reduced ADRand CPT-induced autophagy. These results confirm a critical role of ATM as a mediator of both senescence and autophagy in response to DNA damaging agents. The collateral effects of blocking ATM and ROS generation on senescence and autophagy may simply indicate that ROS and ATM signal to both pathways in the cells. Because the induction of cellular senescence and autophagy in MCF-7 by CPT and ADR was associated with an increased expression of p53 and p21, we investigated the senescent and autophagic responses to Adriamycin in cells where p53 or p21 function had been attenuated. Our findings demonstrate that p53 null cells treated with Adriamycin have a significant reduction in both the senescence and autophagic responses. Likewise, in MCF-7 cells exhibiting reduced p21 levels, both ADR-induced autophagy and ADR-induced senescence are significantly attenuated. Again, although these studies suggest the existence of a close relationship between autophagy and senescence, these data may simply reflect the possibility of similar signaling pathways (reactive oxygen induction, ATM, p53, and p21) influencing both pathways independently. A schematic cartoon depicting the regulatory pathway induced by either Adriamycin or camptothecin leading to senescence, as elucidated by our work, is shown in Supplemental Fig. 5 .
To more rigorously assess the potential requirement of autophagy for senescence, we used ATG5 and ATG7 shRNA stable cell lines. ATG5 and ATG7 autophagic-related genes have been demonstrated to be essential for the autophagic process (Kuma et al., 2002; Komatsu et al., 2005) . We found that ADR-treated shATG5 and shATG7 cells showed a substantial delay in the promotion of senescence in comparison with shControl cells, but a blockade to autophagy does not abrogate the capacity of the cells to senescence. Nevertheless, these data suggest that autophagy contributes to the establishment of senescence arrest and are in agreement with a report from Young et al. (2009) . Those investigators reported that attenuating autophagy in ER:Ras IMR90 cells by shRNA against ATG5 and ATG7 caused SA-␤-gal activity to be delayed, but clearly senescence can occur even when autophagy is suppressed.
In conclusion, the treatment of MCF-7 cells with either Adriamycin or camptothecin induced both autophagy and senescence. Interference with ROS generation, ATM activation, and induction of p53 or p21 suppressed both autophagy and senescence. However, these observations may indicate only that both responses are mediated by common DNA damage-induced signaling pathways (that are also associated with conventional growth arrest). When autophagy was blocked either pharmacologically or genetically, senescence was temporally delayed, but the overall extent of senescence induced by Adriamycin and camptothecin was not attenuated. Consequently, although autophagy seems to accelerate and facilitate the senescence process, possibly by providing an additional source of energy to allow the cells to enter a prolonged dormant-like state, it is clear that senescence can occur independently of autophagy. It is furthermore increasingly becoming recognized that both autophagy and senescence are likely to play central roles in signaling to the immune system the presence of tumor cells that require elimination (Ewald et al., 2010; Michaud et al., 2011) . Consequently, the autophagy and senescence responses to chemotherapy are likely to have substantive involvement in mediating the complete elimination of tumors in response to chemotherapy.
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